Cadmium pollution in the food chain has become a monumental public health concern since the emergence of the first serious cadmium-related disease (Itai-Itai disease) in Japan ([@r1][@r2][@r3]--[@r4]). The toxicity of cadmium is due mainly to its interference with the metabolism of zinc and other essential metal ions in the organism ([@r5][@r6]--[@r7]). Examination of a rare biological function of cadmium showed that the cadmium ion acts as a catalysis center of carbonic anhydrase in marine diatoms at low zinc levels ([@r8], [@r9]). Organisms have evolved multiple detoxification systems to eliminate the toxicity of cadmium. Metallothionein (MT), widely present in organisms, binds multiple cadmium ions in clusters, which can be divided into an α-domain Cd~4~S~11~ cluster and a β-domain Cd~3~S~9~ cluster in mammalian ΜΤ subtypes ([@r10][@r11]--[@r12]). In bacteria, 2 ArsR/SmtB family homologs, CadC and CmtR, with functional CdS~4~ or CdS~3~O allosteric sites have been reported to regulate the cadmium efflux system ([@r13][@r14][@r15]--[@r16]). These detoxification systems can detoxify other heavy metal ions besides cadmium, such as lead or mercury. In addition, MT is involved in the metabolism of zinc and copper ([@r17], [@r18]). Therefore, this indicates that the thiolate-rich sites in the reported cadmium-binding metalloproteins cannot readily distinguish cadmium ion from other heavy metals.

*Pseudomonas putida* CadR belongs to the MerR family of transcriptional regulators, which regulates its own transcription and the transcription of a cadmium efflux P-type ATPase CadA ([@r19]). It is the most specific natural cadmium-binding protein reported to date, as the *cadR* promoter is induced only by cadmium, and the induction of the *cadA* promoter by lead and zinc is much weaker than that by cadmium ([@r19]). The molecular basis underlying the specific cadmium selectivity of CadR remains elusive, however. The previously reported MerR family homologs possess remarkable metal sensitivity and selectivity; for instance, CueR can respond to free Cu(I) at zeptomolar concentrations ([@r20]). These metal-binding properties are typically achieved by the unique coordination geometry in a binding site, such as the linear CuS~2~ in CueR ([@r20]), the planer triangle HgS~3~ in MerR ([@r21], [@r22]), and the triangular pyramid PbS~3~ in PbrR691 ([@r23], [@r24]). Along with its outstanding metal-binding ability, the MerR family protein has a unique allosteric transcriptional regulation mechanism. These dual-function, σ^70^-dependent regulators control transcription very tightly by changing the overall topology of the promoter with an elongated 19- to 20-bp spacer between the −10 element and the −35 element, and they act as a repressor in the effector-free form or as an activator in the effector-binding form ([@r25][@r26]--[@r27]).

In the present study, we characterized the CadR protein by crystallography and spectroscopy. These methods provide dynamic insight into the specific cadmium selectivity of the CadR protein. The crystal structures of CadR in 3 different states---apo-state, metal-free DNA-bound state, and cadmium-substituted DNA-bound state---show that CadR has 2 distinct types of functional sites. Both the thiolate-rich allosteric site I, which is commonly used by heavy-metal ion metalloregulators, and the additional recognition site II are critical to enhance the transcriptional activity of the cadmium detoxification system. The unique cooperation of both metal-binding sites is the key factor for elucidating the extremely specific cadmium selectivity of CadR.

Results {#s1}
=======

Overall Structure. {#s2}
------------------

To reveal the structural basis underlying the cadmium selectivity of CadR, 3 different states of CadR structure were resolved: CadR in the apo form (apo-CadR), metal-free CadR and promoter binary complex (CadR/DNA), and cadmium-bound CadR/DNA ternary complex (Cd/CadR/DNA) ([Fig. 1*A*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). The structures show that CadR contains 2 major domains as other MerR homologs: the N-terminal DNA-binding domain (DBD; residues 1 to 71) and the C-terminal metal-binding domain (MBD; residues 76 to 147), which are connected by the flexible hinge (residues 72 to 75). In addition, CadR has a unique extended C-terminal histidine-rich region (His-tail; residues 138 to 147) containing His138, His140, His145, and His147 ([*SI Appendix*, Fig. S2*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). Although the MerR family proteins share a similar topological arrangement, the C-terminal MBD is flexible, and the orientation between the MBD and DBD differs ([*SI Appendix*, Fig. S2*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)).

![Two types of cadmium-binding sites and the allosteric effects triggered by cadmium binding. (*A*) Cartoon presentations of the Cd/CadR/DNA complex. DNA is colored in orange. The helical axis of DNA is represented as a solid gray line. Cadmium ions are shown as spheres. Close-up view of the first coordination shell of metal-binding sites is shown within the dashed box. (*B*) Superimposition of crystal structures based on the DBD of a CadR molecule of the metal-free CadR/DNA complex. For clarity, the partner CadR molecule and DNA are omitted. The 3 structures---apo-CadR, metal-free CadR/DNA complex, and Cd/CadR/DNA complex---are in wheat, magenta, and yellow, respectively. The allosteric movements triggered by cadmium binding are represented by dashed and solid arrows. (*C*) ITC curves showing that CadR has a clear, stepwise binding model toward the cadmium ion. (*D*) Raman peak of sulfhydryl group (∼2,563 cm^−1^) in CadR with a different molar ratio of Cd(II) ions.](pnas.1908610116fig01){#fig01}

The DBD of CadR is composed of 4 helices (α1 to α4) with loops connecting them and is involved in the specific recognition of promoter DNA, which was mapped by a footprint and electrophoretic mobility shift assay (EMSA) ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). There are 3 motifs involved in protein--DNA interactions ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)): the helix-turn-helix (HTH) motif (α1-turn-α2), wing 1 motif (loop region between α2 and α3), and wing 2 motif (loop region between α3 and α4). The rmsd values of Cα atoms of DBD in the 3 different states are \<0.525 Å, implying that the DBD backbone is rigid ([Fig. 1*B*](#fig01){ref-type="fig"}). The DBD is involved in interdomain motion with the MBD on DNA and cadmium binding. In contrast, the MBD of CadR can adopt flexible conformations depending on the states of the structures. Residues 79 to 126 form a long-extended helix (α5) in apo-CadR, which bends approximately 9° and becomes more flexible in the CadR-DNA complex. When bound to metal ions, residues 111 to 119 transfer from helix to coil, and residues 120 to 126 form an independent α6 helix. Meanwhile, the remaining residues 76 to 110 of α5 helix bends another 42°. Importantly, the His-tail crosses over the molecular center and contributes to metal binding in the Cd/CadR/DNA complex, while it is disordered in other structures ([Fig. 1*B*](#fig01){ref-type="fig"}).

CadR Contains 2 Types of Functional Cadmium-Binding Sites. {#s3}
----------------------------------------------------------

Interestingly, different from other MerR family proteins, CadR has 2 distinct types of metal-binding sites, and each CadR dimer binds to 4 cadmium ions ([Fig. 1*A*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S5 *A*--*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). The metal-binding site I (S1 and S1′) is located at each end of the dimerization helices (α5 and α5′). The site is composed of 3 cysteines (Cys77, Cys112′, and Cys119′) and 1 asparagine residue (Asn81). Cys77 comes from the same chain as Asn81, while Cys112′ and Cys119′ come from the partner chain. The cysteine-rich environment of site I is conserved in the MerR family proteins. The metal-binding site II (S2 and S2′) is located in the middle of the molecule and formed by 2 histidines (His87 and His90 in the α5 helix), 1 glutamic acid (Glu62 in the α4 helix), and a variable last ligand from the His-tail region. S2 and S2′ are asymmetric such that His140 coordinates to S2 and His145 coordinates to S2′. These metal-binding ligands are highly conserved among CadR homologs ([*SI Appendix*, Fig. S5*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). Although the sequences of the extended C terminus are variable, a conserved HX~4~H motif is seen.

To investigate the thermodynamics of these 2 cadmium-binding sites, we performed a series of titration experiments. CadR^WT^ binds cadmium ions with a stepwise-binding model, as the isothermal titration calorimetry (ITC) result shows 2 steps clearly separated at N ∼2 and 4 ([Fig. 1*C*](#fig01){ref-type="fig"}). Moreover, the Raman spectrum shows that the peak of the sulfhydryl group (SH stretch; ∼2,563 cm^−1^) reaches a minimum at a Cd(II)/CadR~dimer~ ratio of ∼2 in the titration system ([Fig. 1*D*](#fig01){ref-type="fig"}). Three cysteine residues (Cys77, Cys112, and Cys119) are blocked with the metal binding in site I, while the other 2 (Cys12 and Cys53) remain free. Based on these observations, we propose that the cadmium ion first binds to the cysteine-rich site I (S1 + S1′) stoichiometrically and then binds to the histidine-rich site II (S2 + S2′). The binding affinity of site I is significantly stronger than that of site II, and the apparent binding affinities are fitted to K(Cd, site I) = 3.5 ± 0.1 × 10^13^ M^−1^ and K(Cd, site II) = 1.0 ± 0.4 × 10^7^ M^−1^, respectively ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)).

Site I Is a Conserved Allosteric Site. {#s4}
--------------------------------------

As discussed above, the thiolate-rich binding site I is conserved among the MerR family metalloproteins. The crystal structures show that the conformation of MBD itself and the interaction network between MBD and DBD changed dramatically on the binding of cadmium ions ([*SI Appendix*, Fig. S7 *A* and *B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). Residues of site I disperse from one another in the metal-free structures. Cys77 is disordered, and the distance between Cys112′ and Cys119′ is \>10 Å in the crystal structure. Asn81 forms a hydrogen bond with Asn113′. On cadmium ion binding to site I, Cys119′ moves toward the coordination center, and the newly formed α6′ helix bends toward and interacts with the DBD. Meanwhile, Cys77 becomes ordered and coordinates with the cadmium ion. Within the interface of the α3, α4, α5, α5′, and α6′ helices bundle, a vast network of hydrophobic interactions is formed to stabilize the protein conformation ([*SI Appendix*, Fig. S7*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)).

To gain more insight into structural function of the metal-binding sites, we used ^19^F NMR spectroscopy ([@r28]). Fortunately, a sole phenylalanine residue (Phe49) is located at the interface between the DBD and the MBD that exhibits a significant conformational change on cadmium binding ([Fig. 2*A*](#fig02){ref-type="fig"}). In metal-free structures, the DBD directly interacts with the α5′ helix of the partner molecule, in which Arg70 of the α4 helix makes a hydrogen bond with Arg111′ of the α5′ helix. In the cadmium-bound structures, Arg70 makes hydrogen bonds with Glu126′ in the α6′ helix. In addition, Asn52 in the α3 helix forms 2 hydrogen bonds with Leu125′ and Thr127′ in the α6′ helix. Thus, ^19^F-labeled Phe49 is an ideal probe for detecting the allosteric motion of CadR. Three clearly separated peaks---δ = −114.3, −112.4, and −111.9 ppm---are observed with the titration of cadmium ions ([Fig. 2*B*](#fig02){ref-type="fig"}). Compared with the ITC result, which shows a stepwise-binding model ([Fig. 1*C*](#fig01){ref-type="fig"}), these peaks can be assigned to the metal-free state, site I bound state in Cd~2~(CadR)~2~ and the sites I and II bound state in Cd~4~(CadR)~2~, respectively. Cadmium binding in site I triggers a 1.9-ppm downfield shift. Therefore, NMR spectroscopy also suggests that site I is an allosteric site.

![Site I and site II are both allosteric sites. (*A*) The phenylalanine biomarker, Phe49, located at the interface between the DBD and MBD for probing the allosteric motion triggered by cadmium binding in site I and site II. Hydrogen bonds are represented by red dashed lines. (*B*) NMR spectra of the ^19^F-labeled protein titrated by cadmium ion. (*C*) Close up view of the interaction network around the His-tail region. The cadmium ions in sites S2 and S2′ are shown as spheres. The His-tail region (residues 139 to 145, SHVGRSH) is shown as yellow sticks. (*D*) Schematic model representing the topological arrangement of metal-binding sites and the DBD. The metal-binding sites are connected by the dimerization helices and the His-tail. The dimerization helices (α5 and α5′) are represented by double lines. The allosteric regulation pathways are indicated by arrows. The long-range communication of 2 DBDs through the His-tail is indicated as a wavy line.](pnas.1908610116fig02){#fig02}

Site II Bridging 2 DBDs by the Extended C-Terminal His-Tail. {#s5}
------------------------------------------------------------

The foregoing ^19^F NMR data also show that further cadmium binding in site II triggers a 0.5-ppm downfield shift of Phe49 ([Fig. 2*B*](#fig02){ref-type="fig"}). This suggests that site II acts as an additional allosteric site to further alter the conformation of the DBD. The orientations of the α4 and α5 helices are stabilized by the strong coordination bond among cadmium, Glu62 of the α4 helix, and His87/His90 of the α5 helix. In the second coordination shell, residues Glu62 and His87 also form hydrogen bonds with Thr59 and Leu56 in wing2, respectively ([*SI Appendix*, Fig. S7 *A* and *B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). Part of the His-tail region (residues 139 to 145) is ordered in such a way that His140 coordinates with cadmium ions at site S2 and Ser139 contributes hydrogen bonds with His90 and Arg94.

In particular, the cadmium ion of site S2′ coordinates with His145 instead of His140′ from the partner molecule ([Fig. 2*C*](#fig02){ref-type="fig"}). The Cd/CadR/DNA complex is asymmetrical, in which residues 141 to 145 cross over the molecular center once His140 participates in coordination. Various interactions form during this process. Hydrogen bonds occur between Val141 and Arg94 and between Gly142 and Arg94′, polar contact occurs between Asp57′ and Ser144, and hydrophobic interactions include those among Val141, Val91, and Leu98′. The residue His145 will reach the vicinity of site S2′ and coordinate to the cadmium ion. Consequently, the 2 DBDs in the Cd/CadR/DNA complex are bridge-linked through the His-tail ([Fig. 2*D*](#fig02){ref-type="fig"}). The length of this bridge is 23.6 Å as measured by the distance between the cadmium ions at sites S2 and S2′.

NMR Spectroscopy Verified the Extended His-Tail Region Contributes to Cadmium Binding in Solution. {#s6}
--------------------------------------------------------------------------------------------------

To further study properties of the His-tail region and metal-binding sites, we performed a series of NMR experiments. ^19^F-NMR spectroscopy was applied to directly observe the solution state of the His-tail region. A phenylalanine His-tail variant, G142F, was designed. The signals of 4-^19^F-Phe49 and 4-^19^F-Phe142 were detected ([Fig. 3*A*](#fig03){ref-type="fig"}). Fortunately, the peaks of 4-^19^F-Phe142 can be readily assigned by site-directed mutation. In the CadR^F49L/G142F^ variant, the signal of 4-^19^F-Phe49 disappears ([*SI Appendix*, Fig. S8*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). The peak height of ^19^F-Phe142 at δ = −114.8 ppm in the metal-free state decreases greatly and shifts to δ = −114.7 ppm. The peak width increases along with titration of the cadmium ion, which indicates that the His-tail region has a restrained position on cadmium binding, with the crystallography data showing that the His-tail transforms from a disordered state to a loop state packing in the center of the CadR homodimer ([Fig. 1*B*](#fig01){ref-type="fig"}). A new peak contributed by ^19^F-Phe142 (δ = −113.1 ppm) is observed at a Cd/CadR ratio of 4, which can be assigned to another state of the His-tail region. To better illustrate the conformation states of the His-tail region, the peak at -114.7 ppm is assigned to a His-tail "off" state in which His140/145 does not participate in coordination ([Fig. 3*A*](#fig03){ref-type="fig"}), while the peak at −113.1 ppm is assigned to a His-tail "on" state in which His140/145 coordinates to the cadmium ion.

![NMR spectroscopy verifying that the His-tail region contributes to cadmium binding in solution. (*A*) NMR spectra of the ^19^F-labeled His-tail variant (CadR^G142F^) titrated by Cd(II) at 298 K. The peaks contributed by 4-^19^F-Phe49 and 4-^19^F-Phe142 are assigned as black and red arrows, respectively. The His-tail region is represented by red dashed lines ("off" state) or arrows ("on" state). (*B*) NMR spectra of full ^113^Cd-bound CadR^WT^ (*Left*) and CadR^WT^-DNA (*Right*) performed on a 500-MHz spectrometer at 308.5 K in phosphate buffer (relaxation delay, 10 s; number of scans, 8,000). The ^113^Cd-loaded protein sample is divided into 2 equal parts. One part has the added 25-bp promoter DNA (^113^Cd-CadR^WT^-DNA), while the other does not (^113^Cd-CadR^WT^). The chemical shift of cadmium-binding sites and the ratio of relative integrated intensity of peaks are indicated by the numbers in black.](pnas.1908610116fig03){#fig03}

Meanwhile, ^113^Cd NMR spectroscopy is applied to directly observe the solution state of the cadmium-binding sites. The NMR spectrum of full ^113^Cd-substituted CadR^WT^ shows a strong resonance peak at δ = 526 ppm ([Fig. 3*B*](#fig03){ref-type="fig"}). Site I, which contains 3 cysteine ligands, contributes to this peak because the thiolate ligands are more deshielding relative to the oxygen and nitrogen ligands ([@r29]). Unexpectedly, the signal of site II is weak and broad in the ^113^Cd-CadR^WT^ sample. Two peaks, 1 at δ = 241 ppm and the other at δ = 252 ppm, contributed by sites S2 and S2′, appeared in the spectrum ([Fig. 3 *B*](#fig03){ref-type="fig"}, *Left*). The coordination spheres of sites S2 and S2′ are very similar but not equivalent (His140 in S2 and His145 in S2′, based on crystallography), which may lead to subtle differences between the 2 peaks on the spectrum.

As CadR is a homodimer, there are 2 equivalent C-terminal regions. The His-tail and His-tail′ have equal probability to coordinate to sites S2 and S2′ ([*SI Appendix*, Fig. S8*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). Therefore, it is reasonable to propose that the flexible His-tail region can switch between the "on" and "off" states dynamically. Sites S2 and S2′ present a chemical exchange process among multiple states, with which the "off" state S2\* is barely detected in the ^113^Cd NMR spectrum. To confirm our speculation, we performed 2 experiments. First, we acquired another NMR spectrum of the ^113^Cd-CadR^WT^-DNA sample. An equal ratio of promoter DNA was added into the ^113^Cd-CadR^WT^ sample to stabilize the conformation of the CadR molecule as inspired by the crystallography data. As expected, peak intensities became stronger in the presence of promoter DNA ([Fig. 3 *B*](#fig03){ref-type="fig"}, *Right*). The ratio of integrated intensity of site I to site II was ∼1.0:0.96, while that in the ^113^Cd(II)-CadR sample without promoter DNA was ∼1.0:0.60. These results indicate that the His-tail "on" state is overwhelmingly preferred with the addition of promoter DNA. Those "off" states transform to the His-tail "on" state with an optimal promoter-binding conformation. Thus, the peak intensities of sites S2 and S2′ increase.

In addition, the line shape of the spectrum can change along with temperature if chemical exchange exists ([@r30]). The ^113^Cd NMR spectra are measured at different temperatures ([*SI Appendix*, Fig. S8*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). The faster the exchange rate (i.e., at higher temperature), the smaller the chemical shift difference between sites S2 and S2′. The observed difference is in agreement with the exchange speculation, increasing from 1.2 kHz to 2.1 kHz when temperature decreases from 308.5 K to 278.5 K. Moreover, the ^19^F NMR spectra show that the peak of Phe142 shifts at lower temperature, which also indicates the exchange of the His-tail ([*SI Appendix*, Fig. S8*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). Taken together, these data verify that the flexible His-tail region contributes to cadmium binding on site II in solution.

Site I and Site II Are Both Functionally Important and Bind the Cadmium Ion Cooperatively. {#s7}
------------------------------------------------------------------------------------------

To confirm the functional importance of site I and site II in cells, a *luxAB* reporter system was constructed to measure cadmium sensitivity ([Fig. 4*A*](#fig04){ref-type="fig"}). We designed 3 variants with mutated metal-binding sites: CadR^N81A^, CadR^C77S/C112S/C119S^, and CadR^H87A/H90A^. CadR^N81A^ had a 5-fold weaker site I, with an apparent binding affinity fitted to K(Cd, site I) of 6.6 ± 0.7 × 10^12^ M^−1^ ([*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). The cadmium sensitivity of the CadR^N81A^ variant was decreased by \>50%. Moreover, the CadR^H87A/H90A^ variant with mutated site II ([*SI Appendix*, Fig. S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)) and the CadR^C77S/C112S/C119S^ variant with mutated site I ([*SI Appendix*, Fig. S11](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)) could hardly respond to the cadmium ion in the nanomolar range, which infers the essentiality of the conserved site I and an additional site II in CadR.

![Cooperation of 2 sites triggers the specific selectivity of cadmium ions. (*A*) Cadmium sensitivity study using the *luxAB* reporter system in vivo. CadR^WT^ (black) and its variants, CadR^N81A^ (a, blue), CadR^C77S/C112S/C119S^ (b, orange), and CadR^H87A/H90A^ (c, green) are tested. Error bars represent SD. (*B*) The scaffold of the MBD in CadR^WT^ and CadR^H87A/H90A^. Glu62 in the DBD is omitted for clarity. Site I and site II are shown as red and magenta circles, respectively. The coordination bonds are shown as dashed lines. (*C*) A putative model of the partially distorted state promoter (cyan) between the repressor state (magenta) and activator state (yellow). The σ factor and core enzyme of RNAP are colored in marine and gray, respectively. The −10 and −35 elements are indicated by the orange mesh.](pnas.1908610116fig04){#fig04}

Further ^113^Cd NMR spectroscopy analysis suggested that site I of the CadR^H87A/H90A^ variant retains a CdS~3~O coordination sphere that is highly similar to the wild-type protein without the presence of site II. However, UV-vis titration results show that the binding affinity of site I was decreased by 2 orders of magnitude ([Fig. 4*B*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). Meanwhile, the ITC results show that cadmium ion can bind to the CadR^C77S/C112S/C119S^ variant with a similar affinity (10^6−7^) to site II of CadR^WT^ (10^7^) but with a different binding model ([*SI Appendix*, Fig. S11](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). We performed ^113^Cd NMR spectroscopy to characterize the cadmium-binding center in this variant. To our surprise, no specific peaks were detected in the spectra. This implies that site I is also essential for the successful assembly of site II, as the structural alignment shows that His87, His90, and the His-tail region are reoriented ([*SI Appendix*, Fig. S12](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). Taken together, these data suggest that site I and site II are in fact dependent on each other to attain biological function ([*SI Appendix*, Fig. S13](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). Thus, we conclude that CadR binds cadmium ion cooperatively.

Cooperation Between Site I and Site II Contributes to Specific Cadmium Selectivity vs. Lead and Zinc Ions. {#s8}
----------------------------------------------------------------------------------------------------------

The foregoing results and analysis inspired us to examine whether the cooperation of site I and site II is a key factor for elucidating specific cadmium selectivity. Cadmium binding to the allosteric site I (S1 + S1′) triggers orientation of the DBD, changing the promoter from a repressor state to a partially distorted state. With further Cd(II) binding to the additional allosteric site II (S2 + S2′), CadR is stabilized to an optimal DNA-binding conformation and transforms to a stable activator state ([Fig. 4*C*](#fig04){ref-type="fig"}). The activated promoter, with a shortened distance ([*SI Appendix*, Fig. S14](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)) and reduced phase angle between the −10 and −35 elements ([*SI Appendix*, Fig. S15](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)) as in other MerR-type activator state promoters, is suitable for interacting with RNA polymerase (RNAP), similar to the situation for CueR ([@r26], [@r31], [@r32]).

Using the aforementioned cooperative binding mechanism, CadR can distinguish cadmium ion from other metal ions, such as zinc and lead ions. Compared with the cadmium ion, there is only 1 set of lead-binding sites, as suggested by the ITC titration curve ([*SI Appendix*, Fig. S16*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). Meanwhile, the UV-vis spectrum of Pb(II)-bound CadR shows a specific peak appearing at λ = 340 nm ([*SI Appendix*, Fig. S16*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)), which was contributed by the PbS~3~ center ([@r23], [@r24]). These results show that the lead ion can only bind to the thiolate-rich site I, and that the apparent binding affinity is fitted to K(Pb) = 4.3 ± 0.3 × 10^12^ M^−1^. Although site I is only 8-fold weaker than that of Cd(II), the Pb(II)-CadR complex definitely decreases the total binding affinity, since the lead ion could not bind to site II. The promoter DNA would only shift to a partially distorted state. To verify the speculation of the partially distorted promoter in the presence of lead ion, we synthetized a DNA probe ([@r33], [@r34]), in which the fluorescence intensity of the probe is positively coupled with the distortion level of promoter DNA ([*SI Appendix*, Fig. S17](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). As expected, the fluorescence intensity of the Pb(II)-bound probe is much weaker than that of the Cd(II)-bound probe. It indicates that the promoter DNA is indeed less distorted by Pb(II)-CadR with only site I occupied.

In the case of the zinc ion, the ITC experiment and Raman spectroscopy suggest that its binding model differs from that for the cadmium ion ([*SI Appendix*, Fig. S18](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). Further UV-vis titration data show that the zinc-binding mechanism of CadR^WT^ is more complicated than the cadmium-binding mechanism due to the cooperation and similar binding affinity of sites I and II ([*SI Appendix*, Fig. S19](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). A plausible 4-step binding model is proposed based on the Raman results, and the binding affinities are fitted. This model shows that the affinity of the thiolate-rich site I (∼10^10^) is 3 orders of magnitude weaker than that of cadmium ion (∼10^13^).

To better understand the molecular basis of the weak zinc sensitivity of CadR in vivo ([@r19]), we solved the crystal structure of the Zn(II)-bound CadR/DNA complex ([*SI Appendix*, Fig. S20](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). Although the zinc ion binds to the same sites as the cadmium ion, the Asn81 residue clearly does not coordinate to the zinc ion, because it is smaller than the cadmium ion. The structural alignment indicates that zinc substitution in site I can induce a 10-degree overall shift of the MBD and a 4-Å displacement of the DBD′ compared with the Cd/CadR/DNA structure. Consequently, the promoter is less distorted, in agreement with the fluorescent DNA titration data ([*SI Appendix*, Fig. S17*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). Taking into account a weaker site I and a less distorted promoter, the transcription activity of the zinc ion is much weaker than that of the cadmium ion ([@r19]).

Discussion {#s9}
==========

Bacteria have developed a specific and effective cadmium-detoxification system that facilitates their survival in cadmium-polluted environments through their rapid evolutionary rate ([@r35]). The CadR-regulated system is one of the most successful examples of this system. Compared with previously characterized MerR family homologs or other natural cadmium-binding proteins ([*SI Appendix*, Fig. S21](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)), CadR adopts 2 types of functional metal-binding sites rather than 1 type to achieve this remarkable capability. The selective cadmium recognition is mediated not only by the specific chemical environment of each site, but also by their structural function and cooperation. In summary, the strong cadmium-binding site I is the allosteric site to reorient protein domains and DNA promoter; the additional allosteric site II further alters and bridge-links the 2 DBDs and subsequently stabilizes the regulator-promoter system in activator form.

The first coordination shell in site I is most likely a distorted tetrahedron S~3~O with an oxygen ligand contributed by the Oδ atom of asparagine. Despite the Cd/CadR/DNA structure's low resolution (2.7 Å), it shows a reasonable Cd-O bond length at 2.3 to 2.4 Å ([*SI Appendix*, Fig. S22](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). The shell is different from the cadmium-substituted CmtR ([@r16], [@r36]) and TRI peptide ([@r37][@r38][@r39][@r40]--[@r41]), where an external water molecule contributes the oxygen ligand. The ^113^Cd chemical shift of site I is 96 ppm upfield of that of ^113^Cd-substituted *Staphylococcus aureus* pI258 CadC ([@r13]) and 46 ppm downfield of ^113^Cd-substituted *Mycobacterium tuberculosis* CmtR ([@r16]). The cadmium binding affinity of site I is similar to that in CmtR and CadC (∼10^12−13^ M^−1^), which shows that the natural cadmium-binding protein exhibits subpicomolar sensitivity in the thiolate-rich sites. The residue Asn81 is important to specific cadmium binding, as site-directed mutagenesis from Asn81 to Ala81 decreases the binding affinity of site I by ∼5-fold and the transcriptional activity by 50%. The pocket size of site I is also highly optimized for cadmium ions vs. zinc ions. The residue Asn81 does not coordinate to zinc ions because of the smaller ion radius. The change in the coordination shell alters the orientation between the MBD and the DBD and subsequently influences the conformation of the DNA promoter. Our results suggest that the reduced affinity in site I and the less distorted promoter can be the factors that weaken the zinc sensitivity of CadR in vivo ([@r19]).

The metal-binding site II contains 3 histidine residues and 1 glutamic acid residue arranged in a tetrahedral geometry. It can bind to cadmium ions and zinc ions but not to lead ions. Mutating site II will cause abrogation of the transcriptional activity in vivo. The most striking feature of site II is its dynamic and asymmetric environment. The flexible C-terminal His-tail region contributes to cadmium binding in site II. Our present NMR studies reveal that the His-tail switches between the "on" and "off" states in solution. The switching motion is highly associated with the sequence-specific promoter binding, as ^113^Cd NMR and crystallography both show that the "on" state is overwhelmingly preferred in the presence of promoter DNA.

These 2 types of functional sites represent a positive cooperative binding mechanism in which binding in site I facilitates the assembly of site II and the presence of site II enhances the binding affinity of site I by 2 orders of magnitude without altering the cadmium coordination sphere. In terms of allosteric ensembles ([@r42]), most of the reported MerR family proteins adopt a backbone dynamics allosteric regulation pattern induced by 1 type of effector-binding site ([*SI Appendix*, Fig. S21*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental)). The end of the dimerization helix bends toward DBD on metal ion binding, subsequently altering the conformation of DBD and promoter. Here we show that the disordered C-terminal tail in CadR can fold into a loop structure with an allosteric regulation function. Thus, we classify the allosteric regulation pattern of CadR as a new type with a combination of transcription factor backbone dynamics and a local unfolding mechanism ([@r42]). We believe that this cooperative regulation system with dynamic C-termini can expand our understanding of the allosteric regulation pattern of metalloregulators.

Materials and Methods {#s10}
=====================

The materials and methods used in this study are described in detail in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental). Oligonucleotides are listed in [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental); data collection and refinement statistics of CadR and its complex are reported in [*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental); and plasmids are listed in [*SI Appendix*, Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908610116/-/DCSupplemental).
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